Abstract An unprecedented array of observing systems, coupled with ever increasing computing capacity, makes this a golden era for ecologists to study and quantify ecosystem services using remote sensing technology. Here, we review recent studies that utilize remote sensing to understand the supply and demand of ecosystem services, with a specific focus on pollination services by bees in forested and agroforestry contexts. Pollination by bees is a globally threatened ecosystem service that supports the production of food crops and maintains plant biodiversity. We explore how studies that use remote sensing to characterize landscapes, monitor individual organisms, measure biodiversity proxies or species habitat, and describe ecosystem processes may improve modeling of pollination services on spatial scales that match large-scale management efforts, such as forest conservation policy. We then discuss future research opportunities, such as exploring LiDAR and radar for 3-D habitat measurements, mapping phenology in space and time, and direct measurement of pollination events and outcomes.
Introduction
Steady advances in technological capacity have created new avenues for using remote sensing techniques to study complex ecological questions. Ecologists have used remotely sensed data to quantify landscape characteristics [1, 2] , observe physical and biological processes [3, 4] , and gauge humanecosystem feedbacks [5] . In many cases, remotely sensed data enable these phenomena to be scaled across time and space, resulting in the development of predictive models useful for mapping and managing the benefits that humans derive from nature, known collectively as ecosystem services [6, 7•] .
Ecosystem services include provisioning services, such as the production of lumber or food; regulating services, such as pollination or pest control; supporting services, such as carbon storage and nutrient cycling; and cultural services, such as recreational or spiritual use [8, 9] . The Millennium Ecosystem Assessment has spurred a great deal of work over the past decade to understand spatiotemporal patterns of ecosystem service provisioning. Because remote sensing can provide time-and cost-efficient observations at varying spatial and temporal resolutions, it has been adopted as an important tool to study ecosystem services [7•] . The widespread adoption of remote sensing tools for this research can be challenged by the rapid pace of remote sensing technology development, leaving many opportunities for collaborative research among specialists in various disciplines to integrate the two fields of study [10, 11••] .
Arthropods influence the provisioning of several important ecosystem services. However, despite their significant role in many ecosystem services such as pest suppression, decomposition, and pollination, arthropods are disproportionately underrepresented among studies that utilize remote sensing techniques [12] [13] [14] . To date, application of remotely sensed data to study arthropods has predominantly concerned insect pests. Examples include studies to detect insect damage on forests or croplands [3, 15] , follow pest migration [15, 16] , and examine the movement of insect vectors of pathogens that cause human or plant disease [17, 18] . Few studies have applied these tools to the study of insects that provide ecosystem services [10] .
Pollination, the transfer of genetic material via pollen, is perhaps the most studied ecosystem service that derives from insect activity. Eighty-seven percent of all flowering plant species depend on animals to transfer pollen [19] . Humans directly depend on pollination for food production and economic activities, as 35 % of crop species worldwide depend on pollinators [20] . Bees (superfamily Apoidea) are the most important animal pollinators in the majority of geographic regions [20, 21] . Unfortunately, their services are threatened by disturbances such as habitat loss, pesticide use, and the spread of pathogens and invasive species [22, 23] . Thus, bees have become a model organism for studying how environmental disturbances impact the provisioning of ecosystem services [24] .
Recognizing the contributions that remote sensing approaches can make to the study of pollination, the objectives of this paper are to (1) review key remote sensing concepts and tools that have been applied to studying ecosystem services, particularly those with potential applications for pollination in agroforestry contexts, and (2) identify opportunities and challenges for new research on bees and pollination services. The review is aimed at improving how ecologists adapt existing and new remote sensing technology to the study of pollination services. Though we focus on bees, many of the concepts and approaches presented here are generalizable to other organisms and interactions, including other pollinators (e.g., other insects, birds, and bats), and other mobile ecosystem service providers.
Remote Sensing and Pollination Services: a Brief Primer
Remote sensing in this review is defined as the science of acquiring, processing, and interpreting data obtained from detection of energy by radiometric sensors [16, 25, 26] . While many applications rely on sensors placed on satellites and aircraft, ground-based sensors [27] and telemetry [28] are also rapidly increasing in use and scientific value. Sensors can be passive or active in nature. Passive sensors measure energy that is reflected by or emitted from matter. Passive approaches include aerial photography and many classes of satellite image data and have produced long-term records for ecosystem monitoring in the shortwave and thermal portions of the electromagnetic spectrum [29, 30] . In contrast, active remote sensing instruments (e.g., radar and light detection and ranging (LiDAR)) emit pulses of radiation and then measure the amount and timing of the returned energy. Because the timing electronics of active sensors are highly sophisticated and can therefore resolve returns on the order of nanoseconds, the returns measured by these systems can often estimate the physical characteristics of multiple vertical layers of surfaces (e.g., canopy layers) within ecosystems [31, 32] .
Remote sensing is a rapidly developing science that spans many disciplines. The number of related tools has grown in both quantity and quality, and as the technology matures, these tools are also becoming more affordable and accessible. Remotely sensed data can be categorized based on spatial, temporal, and spectral resolution and data sources (terrestrial, aerial, or satellite sensors; Table 1 ). Several resources are available to guide ecologists in selecting data sources and applications [26, 33, 34••] .
Biotic pollination is provided by organisms like insects, birds, and mammals [21] . Because animal pollinators are so diverse, one critical step for applying remote sensing tools to the study of pollination is defining the appropriate proxies of the service supply and/or demand of interest for each case (Fig. 1) . Good proxies should be quantifiable, sensitive to landscape composition and configuration, temporally and spatially explicit, and scalable [35] .
Remotely sensed measures of landscape composition and configuration are commonly used proxies for pollination supply. For example, proximity to forest and other natural areas is positively related to bee abundance and diversity and the provision of pollination services in many crop systems [43] [44] [45] . Land use intensity is another possible proxy of pollination service provision. The functional diversity of pollinators (defined as the differences in morphological or behavioral characteristics that determine how pollinators interact with the environment) decreases with increased land use intensity [46] and is correlated with crop yield and biodiversity maintenance [36] [37] [38] [39] . In addition, habitat fragmentation can lead to changes at the genetic level [21] even in mobile organisms such as bees [47] and bats [48] . Landscape-mediated genetic effects could therefore impact the ability of a population to respond to disturbance, with associated feedbacks on community composition and pollination outcomes.
Ecosystem services by definition cannot exist outside of human demand [8] , so proxies are used to identify where pollination is needed. Two example proxies are the spatial location and pollinator dependency of crops. In this case, the resultant human benefit is a function of biological pollinator dependence of the crop and the total yield or value of crops produced [49] . The presence of a diverse pollinator community may provide additional benefits to farmers, because a more diverse community of pollinators can service changes in farming practices due to market shifts or climate change [8] . Pollination service demand is also determined by the need for biodiversity maintenance, which sustains a wide range of ecosystem services [50] . Pollinator loss in turn triggers the loss of native pollinator-dependent plants [36] , while increased bee functional diversity is correlated with plant persistence [37] . Plant genetic diversity may also increase with pollinator abundance [37] . In turn, biodiversity maintenance has implications for service feedbacks to food crops. Native forest, agroforestry, and silvopastoral systems can all contain high pollinator biodiversity that increase ecosystem service provision within farms [51, 52•] .
Remote Sensing Applications Related to the Study of Pollination Services by Bees
The use of remote sensing in ecology and entomology has been reviewed periodically [10, 11••, 12, 16, 33] , necessitated by the rapid progress in remote sensing technology and its applications. Here, we focus on recent remote sensing developments and discuss their contributions to understanding the composition of bee populations and the outcome for pollination services.
Landscape Characterization
One of the most common applications of remote sensing methods in ecology is to characterize 2-D spatial patterns of land cover and land use at scales ranging from the field, to the landscape, to entire regions ( Fig. 2) [10, 33] . This process typically involves assessing aerial photography or passive satellite imagery for temporal and spatial trends. Spatial scales of analysis range from the fine-grained (stand size and structure) to intermediate (habitat corridors and edges) and landscape levels (habitat or land use types and distributions within a preponderant type or matrix). Aerial photography, which has been available in the USA since the 1930s, is one of the most spatially and temporally complete records of landscape change [53] . It has played a critical role in quantifying human impacts on the landscape such as deforestation, reforestation, or afforestation [54, 55] ; changing agricultural practices and land use [56] ; and urban encroachment [57] . Complementing these data is the ever growing suite of satellite data (e.g., those sensors listed in Table 1 ), enabling analyses of landscape change using a record of multispectral data reaching back to the early 1970s.
Landscape characterization is often central to studies of bees and pollination. Aerial photography and passive satellite imagery have been used to test hypotheses of the relationship between native habitat and bee population metrics. The broad spatial coverage of remotely sensed datasets also allows researchers to compare multiple spatial scales and identify the scale of bee response to habitat loss. This is critical for bee research because of the varying foraging ranges and dispersal abilities among bee species [58] . For example, one study used aerial photography and Landsat images to determine that small-scale isolation from forest fragments was not correlated with overall bee species richness and abundance in a tropical system [59] . Interestingly, however, the abundance of meliponines (stingless bees), which have relatively small foraging ranges, did increase with higher proportion of forest cover at short distances (200-600 m) from the sampling points [59] . Fig. 1 Conceptual model of pollination service flow that includes supply (measured via bee population metrics), service, and demand. Several bee population measurements are predictors of pollination, but must be matched to a demand to represent a service. See [35] for a more general model of service supply and demand. Evidence for link between bee population metrics and service provision in [36] [37] [38] [39] [40] [41] [42] 
Detection of Individuals
For decades, ecologists have employed remotely sensed data to identify individual organisms or groups of individuals, especially plants. Aerial photography can be used to quantify the size classes and distributions of individual trees [60] and in some cases to identify trees to species based on color, size, shape, and texture [53] . Using more sophisticated imaging spectrometers capable of measuring hundreds of spectral bands, relationships may be established between individual tree spectral diversity and chemical properties, and as a result, the spectral tools to identify plants even within dense canopies are constantly improving [61] .
One specific application to pollinators is the remote monitoring of non-native plant invasions [11••, 62] . Invasive plants can have positive, negative, or neutral impacts on native bee populations [63] . Non-native plant invasions are of particular interest to pollination research because they can affect the timing and type of floral resources available in an area. If invasive plants do not provide resources for bees, a positive feedback loop can result where the invasive plants increase competition with native plants and reduce the total floral resources available in a landscape. As the feedback continues, the abundance of native plant pollinators, particularly specialists, can be severely affected [64] . Therefore, remote sensing techniques for monitoring plant invasions can be of particular importance to understanding native pollination dynamics and trends.
Remote sensing applications for animals are more limited because of their smaller size and greater agility [25] . This is particularly true for mobile ecosystem service providers, which move within or between habitats [21] . Though rare, there have been studies using remote sensing to directly sense these organisms. Radar has been used for almost a century to locate individual organisms such as birds [65] . This tool can now also be used to identify characteristics of movement such as organism flight speed and height. Vertical-looking radar (VLR), which measures echoes sent back from a stationary vertical beam, can convey information about individuals such as size, shape, and wing-beat frequency [15] .
Harmonic radar, which identifies the frequency of a diode, can be used for tagging and tracking of animals [16] . Tags can be light enough for use with medium-sized bees such as honeybees (Apis mellifera). This has contributed to our understanding of how honeybees seek out resources, communicate resource locations, and navigate flight. For example, harmonic radar provided evidence for the Bwaggle dance^: researchers tracked the movements of bees that performed the dance and subsequent foragers, finding that the direction and distance of floral resources were communicated using the dance [15] . Harmonic radar has also been used on beetles [16, 66] and additional bee species [67] . Original limitations of this method, such as high cost, large size of the sensor, and difficulty of use, are rapidly subsiding as the technology improves.
Individuals are also tracked using radio telemetry, which is similar to harmonic radar but does not require a stationary Fig. 2 Example of scales of data used to understand ecosystem services. Pollination services from bees are used as an example. The final product in this case is a regional map of areas with pollination service provision based on service demand in the landscape and habitat availability from guilds A through N. The final map shows areas of service (gray) and paucity (white) when all maps are layered together radar unit or have a fixed detection distance [28] . Radio telemetry requires a battery-powered tag, so it has only recently been successfully employed for the study of insects and can only be used on large bees such as bumble bees [68] and orchid bees [69] . These studies provide information on foraging distance, habitat use, and time of activity of the tagged individual, but are likely still influenced by the increased energy requirements of the individual due to tag weight.
In contrast, LiDAR has been used for population counts and information about movement of individuals without introducing observer bias. Bees can be trained to locate land mines for removal via odor detection, and LiDAR has been used as an effective off-site monitoring method to measure bee location and dwell time over potential mines. LiDAR can be used to detect bee density over time and space and, using a continuous-wave diode laser, can detect the unique wing-beat of the bees [70, 71] .
LiDAR data is also useful for directly sensing other pollinating organisms, such as bats. This tool has been used to make exact counts of stationary individuals, like brooding bats in a cave [72] , and to measure movement of active individuals. By combining thermal imaging and ground-based LiDAR, Yang and colleagues [73] determined the flight path, velocity, and altitude of big brown bats in a forest plot. Improved methodology will expand the spatial and temporal scale of these experiments and improve their applicability to understanding service provisioning by similar mobile organisms.
Biodiversity Proxies and Species Habitat
Various aspects of biodiversity relate closely to ecosystem function [74] , resilience [75] , and ecosystem services [50] . Remote sensing methods can be used for detecting variables that serve as a proxy for biodiversity [25, 26, 76] . Proxies include biogeographic patterns, land cover, topography, vegetation indices, vertical and horizontal vegetation structure, weather events, plant functional traits, and plant chemistry [34••] .
Remotely sensed biodiversity proxies have improved significantly in recent years. LiDAR can be used to bridge the gap between grain and extent because it has a high spatial resolution and can measure variables from the individual to landscape level [32, 77] . It can also complement the spectral variation hypothesis, which states that spectral heterogeneity of remotely sensed images can reveal landscape structure and complexity and will signify more niches and therefore greater diversity [78, 79] . Variables measured with LiDAR reveal vertical vegetation heterogeneity, including metrics such as the standard deviation of vegetation height [14] . This can be linked to biodiversity of animals within the vegetation and has been tested on several animals, including arthropods such as spiders [14] and beetles [13, 80] .
Other studies link remote sensing to relevant ecological data to identify the current or potential habitat of a specific taxon (examples in [10, 77, 78, 81] ). Vierling et al. [77] outline a five-step process for incorporating remote sensing with habitat characteristics to predict population distributions. Common habitat characteristics derived using LiDAR and radar include vegetation height and canopy density described in 3-D. These variables can also predict certain details about the populations themselves. Hill et al. [82] demonstrated that avian habitat can be determined by remotely sensed vegetation structure and that the body mass of one species in this study could be predicted to an accuracy of 2.1 % based on the habitat data. LiDAR variables were also equally or more useful than variables gathered via fieldwork to predict body size of beetles [13] and occurrence of spider species [14] .
Habitat suitability models predict potential habitat for organisms based on habitat requirements [83] . These models have been particularly important for predicting the movement of invasive species, like the invasive Africanized honeybee, which may compete for resources and disrupt specialist plantpollinator mutualisms [84] . A model using 40 data layers, including MODIS (Moderate Resolution Imaging Spectroradiometer) land cover and phenology products, was used to show current Africanized honeybee distribution and predict northward movement in the future [85] .
Ecological Processes
The temporal and spectral properties of remote sensing data are increasingly useful for deriving information on ecological processes (such as photosynthesis, phenology, and plant stress) that occur within a landscape. Derivations of primary productivity can be applied to the study of invertebrates, particularly to understand the distribution of insect herbivores on crops and pathogen vectors [12] . These data are now available at high spatial and temporal scales [86] .
Some studies have focused on estimating invertebrate diversity. For example, Levanoni et al. [87] used the normalized difference vegetation index (NDVI) to predict butterfly diversity in a mountainous Mediterranean climate. It is interesting to note that it was not the net primary productivity, but the spatial heterogeneity of productivity, that predicted butterfly richness along the elevation gradient. Because butterflies, like bees, are highly mobile insects and important pollinators and biodiversity indicators, this study demonstrates potential for the use of these variables for other pollinator studies.
Other work has related remotely -sensed vegetation phenological assessments to arthropod ecology. For example, remotely sensed phenology data from MODIS was used to measure the impact of climate change and urbanization on the equilibrium range of Africanized and European honeybees [88] . The greening and browning of leaves (as quantified using MODIS NDVI, enhanced vegetation index, leaf area index, and fraction of photosynthetically active radiation products) have been found to coincide with a critical blooming period for the honeybee life cycle. These variables, compared with hive weight, showed resources available in the environment for Africanized bees and enabled researchers to make current and future range maps [88] . Multitemporal remote sensing data can also be highly useful for tracking plant fruiting and flowering phases [see 26, 89] , which could help quantify temporal and spatial availability of resources for pollinators. As multitemporal remote sensing datasets and analysis procedures are becoming increasingly available and affordable [2] , they will be more valuable to ecologists interested in pollination services.
The Future of Remote Sensing and Bees: New Frontiers for Pollination Service Research
Remote sensing tools have potential for new applications to research of bees and pollination services ( Table 1) . We highlight opportunities for improved landscape characterization, detection of individuals, invasive species detection, habitat quality and heterogeneity, phenology, and pollination events. In addition, we discuss prospective improvements in the study of pollination demand and outcomes, such as biodiversity maintenance and crop production.
Landscape Characterization
Although landscape characterization has produced useful hypotheses about bee populations and pollination services, there are several ways that remote sensing techniques may further improve our understanding of these topics across landscapes. New studies could expand the analysis of bee response to landscape change by including different study regions, thematic resolution, and measurements of bee response.
Remotely sensed data hold great potential for expanding bee research geographically. The majority of bee research has taken place in few geographic regions and mostly limited to land uses that are heavily altered by humans [24] . Future research should focus on how bee populations respond to moderate land use changes and in disproportionately understudied areas, such as the tropics [90] . Though remotely sensed data may be more abundant in developed regions of the world, it also allows for cost-efficient research in areas that have historically been understudied or difficult to access.
Remote sensing also allows researchers to match scales of grain and extent with field data. Mismatched scale can mask interesting relationships, particularly in the case of insect habitat [58, 91•] . Previous bee research has demonstrated nonintuitive multiscale responses of bee populations to landscape change [58, 59] . New studies should focus on how pressures from the patch to regional scales can impact bee populations and if and how these variables interact.
Increased temporal, spatial, and spectral resolution of sensors is allowing for greater thematic resolution in land cover characterization while maintaining acceptable levels of mapping accuracy. Maps based on coarse imagery often cannot resolve characteristics critical to bee habitat, such as patchy floral resources and nesting areas. Improved distinction of land uses may improve predictions of bee populations [49] . In existing work, there is little distinction given between types of habitat bees may utilize. Distinguishing among types of forest based on forest age, species composition, or structure may change our understanding of bee response to landscape change. Among human-dominated land uses, separating crop areas from hedgerows, weedy, or fallow areas may better demonstrate resources available to bees.
One of the most important advancements for improving the mapping of pollination services would be understanding how functional traits determine organism response to landscape change. Some ecosystem service work is moving from species-level measurements to emphasizing guild traits that are critical to ecosystem function (Abelleira et al., in review). Plant functional traits are poor predictors of bee abundance, yet good predictors of bee assemblage and structure [92] . While different species are correlated to different plant trait predictors, there is still a paucity of research on which traits are important and why. Bee functional traits such as body size, sociality, nest construction, feeding strategy, and habitat specialization can determine the response to landscape change, as well as the effect on pollination services [38] .
Detection of Individuals
Recent work has emphasized how certain bee behaviors are functional traits that can influence pollination services. For example, bee communication can impact their foraging range and resource selection. Though we have evidence linking bee size to foraging distance [93] , estimates still vary, even among well-studied species. Harmonic radar or radio tracking tags on large-to medium-sized bees (other than the well-studied honeybee) could help improve records of foraging range and improve our understanding of the relationship between flight distances and easily measured morphological traits. In addition, harmonic radar might be used to monitor behaviors such as habitat preference and nesting location, particularly for rare species where little data is currently available. This could contribute to our understanding of how bees perceive landscapes and are in turn affected by habitat changes.
Invasive Species
One of the biggest threats to bee conservation is the introduction of invasive species [22, 84, 94] . The spread of exotic honeybees may disrupt mutualistic networks and have implications for the persistence and stability of pollination services in the future [84] . Studies have recorded negative impacts on native bee species but have also observed an increase in pollination services in areas invaded by feral honeybees [64, 94] . In contrast, native bees are more effective pollinators than honeybees in many agricultural crops globally [95] . While past studies have focused on potential habitat of Africanized bees [85, 88] , future work should combine local data on bee fauna with datasets on the spatial distribution of domestic honey bees.
Remote sensing methods present researchers with the opportunity to follow the spread of invasive plant species through time across a wide range of spatial scales, and should be used to understand the impact of invasive plant dispersal on bee populations and pollination of native plants or crops. Negative impacts of plant invasion on native bees and plants can be direct, such as competition for floral resources, or indirect, through the introduction of parasites and disease. Tracking of invasive plants holds significant promise for comparing to changes in native bee populations, particularly rare or highly specialized species.
Habitat Quality and Heterogeneity
Active remote sensing tools such as LiDAR and radar hold potential for measuring canopy architecture and associating these data with variation in faunal diversity of pollinators [32, 77, 91•] . Few studies to date use LiDAR to understand arthropod populations, and these datasets are underutilized for assessing habitat quality for bees. The connection between vertical diversity of canopy height and biodiversity has been demonstrated for some taxa. The resource heterogeneity hypothesis, which states that ecosystems with more varied structure provide more niches and therefore higher species richness [91•, 96] , could help to predict bee richness. More data is becoming available to study habitat heterogeneity variables in tropical and temperate latitudes using vertical forest structure metrics [97] . Despite connections between bee diversity and metrics of habitat structure such as plant height [98] , no studies have yet attempted to test hypotheses such as these with bee population metrics over multiple ecosystems.
Active sensing methods can also be used to predict bee foraging and nesting. The radiation penetration rate at different stages of forest canopy openness, combined with collections of various arthropod indicator taxa, shows that open canopies can have more indicator species than transition or closed forest, including species of bees and wasps [99] . LiDAR can be used to derive temporal variation in insolation values across the full continuum of 3-D canopy locations. Because bee foraging rates respond to changes in temperature and insolation, such 3-D maps may help predict bee foraging activity. New studies should focus on how the spatial distribution of solar radiation in forest, agroforestry, or agricultural land uses impacts pollination services by bees.
Bees nest in various substrates, including soil, pithy stems, and wood cavities (Fig. 2) . In the tropics, increased tree diameter is positively related to the presence of stingless bee nests [100] . LiDAR-derived maps of tree basal area and tree height may help predict tree age and the presence of habitat for cavity-nesting bees. Prediction of tree snags and cavities using LiDAR [as in 101] may also provide avenues for assessing the availability of nesting habitat for bees and other pollinators.
Ecological Processes
Time series of remotely sensed data may provide new insights on how plant phenology affects bee diversity and foraging activity. The spatial and temporal availability of flowering plants is related to availability of resources for bees in a number of habitats. Multitemporal remote sensing data of land surface phenology and productivity proxies can be linked to phenological events such as budbreak, full leaf expansion, flowering, and onset of senescence (Fig. 3) [103] . However, no models have used remotely sensed phenology to predict native bee distributions [85] . The improved spatiotemporal resolution of orbiting and ground-based sensors [104] as well as improved methods for analyzing these data [105] will improve knowledge about the relationship between phenology and bee species distribution and activity.
Terrestrial laser scanners and other ground-based radiometers also hold potential for future advances in pollination service research. Functional trait research can be combined with remotely sensed data to study the relationship between plant structure and function [103, 106] . Terrestrial LiDAR shows promise for deriving of plant physiological parameters such as foliar chlorophyll [106] , nitrogen content [107] , water status [108] , and photoprotection [4] . Terrestrial lasers and passive narrow-band radiometers may be deployed to detect signs of plant stress [4, 109] , pointing to opportunities for exploring potential impacts of plant stressors via changes in floral rewards for pollinators and pollinator visitation.
Pollination Events
While studies have shown a direct link between the composition and behavior of bee populations to the provisioning of pollination services, it can be tedious to measure the outcome in terms of plant reproduction. A promising future application of remotely sensed data is thus the measurement of visitation and crop production to better quantify the efficiency of pollination. While several field-level methods exist to quantify yield quantity and quality, remote sensing provides opportunities for broad-scale data to be collected that are fine-grained and spatially explicit. For example, data from high-resolution passive commercial sensors can be used to remotely quantify crop production variables within farms [110] , which could be compared to variables such as bee visitation, solar radiation, and landscape context.
Bee visitation does not always result in pollination, but pollination biologists often use visitation as a proxy for service provision. There are several issues with visitation observations: the observer's movement or physical presence could influence bee visitation, researchers may cause disturbances in systems where flowers are easily damaged, and observations are limited spatially and temporally. Automated imaging and classification may provide an alternative method for observing bee visitation and therefore hold great potential for understanding pollination services (Fig. 4) . Remote sensing can also improve our ability to map pollination service demand. Mapping crop production via land use has been done for systems where there is sufficient information on plant-pollinator relationships and crop dependence. For example, GIS-based models are designed with cells that can be given attributes such as potential habitat or pollination dependence [40, 49] . Understanding the importance of bee pollination for biodiversity has historically been more challenging. Remote sensing offers tools for approximating biodiversity in a region, scaling-up local measurements of dependence on pollination services, and quantifying the spatial demand for biodiversity services.
Challenges for Future Research Data Selection
Choosing the appropriate remotely sensing tool or data is one of the biggest challenges for researchers who are not experts in the field. Data widely vary in availability. For example, Landsat data from multiple decades are easily downloadable at little to no cost [11••] . On the other hand, the spatial and temporal resolution of Landsat data may be too coarse to capture the variables of interest to pollination. More advanced data such as those derived from LiDAR have only recently become available and are especially challenging to obtain in less developed regions of the world [11••, 12] .
Tradeoffs also exist among the spectral, spatial, and temporal resolution of data [103] . In some cases, high resolution does not equate to better data. For example, it can be more difficult to assess spectral heterogeneity as a proxy for species diversity using hyperspatial data because of the noise created due to shadows [76, 103] . Higher resolution may also result in higher cost or lower availability relative to the benefit to the study. Collaboration between ecologists and remote sensing experts must advance with the technology in order to ensure that studies take full advantage of these new tools.
Data Analysis and Interpretation
Analytical challenges may also impede ecologists who are not experienced with the large datasets or corresponding software involved in remote sensing work. Many ecological studies lack explanation on the method used to integrate these data. This includes omission of metadata, data processing methods, description of statistical analysis, and uncertainty [10] . These issues can be exacerbated by lack of training and integration within ecological studies that utilize remote sensing, and could be improved by better collaboration among disciplinary experts [11••] .
It is also critical to distinguish correlating variables in the analysis of habitat suitability models [83] . For example, NDVI Fig. 3 Remotely sensed data can be used to map flowering events across landscapes that sustain pollinators. This example shows the mass flowering phenology of the tropical tree Tabebuia guayacan at (top) the flower scale, visited by a bee; (center) the landscape scale using oblique digital photography; and (bottom) broader scales using high spatial resolution satellite imagery [see also 89] . This species is pollinated by medium to large bees [102] . Top photo credit: Olga Berrio. Bottom image credit: Digital Globe and NASA and land cover are related to climate at regional scales. Remote sensing data have the greatest benefit when information is generated that is distinct from climate or other codependent variables. To avoid issues due to codependent variables, researchers must clarify terminology, define the roles of variables a priori, and be specific about model goals in order [83] .
Scaling Challenges
One of the greatest challenges for researchers concerned with ecosystem services is potential scale mismatches among service supply, demand, and human decision-making, such as policy implementation [35] . This is one of the core issues that has given rise to the development of ecosystem service mapping and modeling. Spatially explicit models such as the Natural Capital Project's InVEST Crop Pollination Model have been used to map services based on what is known about bee habitat and foraging, with variable success [40, 49] .
There are various challenges that limit generalizability of these models. First, pollination services are locally provided, but the service providers (i.e., bees) are impacted by variables from the local and patch up to the landscape and regional scales [24, 43, 44] . These variables may not be independent and may thus interact across scales. The scaling-up of service provision also depends on clear definition and understanding of variables being measured. This is made more difficult in the case of pollination services because there is a lack of basic ecological data on bee behaviors that are critical to their service, such as foraging, nesting, and seasonality of behavior [49] . The temporal mismatch between ecological field study and availability of new remote sensing images can also present challenges [11••] . Flowering phenology and visitation rates can vary on scales of days to weeks, so time lags might hide important ecological relationships.
Lack of Ecological Data
More ecological data about plant-pollinator relationships will improve remote sensing-based approaches to understand the location and timing of pollination services. This barrier is greatest in understudied regions of the world, such as the Neotropics [90] . It is estimated that only one third of bee species in the Neotropics have been named [94] . The lack of data on species richness and diversity, taxonomy, distribution, and ecology of bees in these regions limits our ability to understand pollination services. Furthermore, pollination relationships are often poorly understood, even for some common wild plants and crops [22] . Researchers need to expand the range of organisms, landscapes, and ecosystems of pollination studies to better understand local to global impacts of changes in bee populations. Doing so will assist in understanding the varying impacts of remotely sensed estimates of habitat loss due to deforestation, agricultural intensification, and the spread of exotic species on pollination services in understudied regions of the planet. Fig. 4 Fine-scale, multitemporal remote sensing approaches to capture details of pollinator density, flowering density, and pollination events through time. Remotely sensed data of pollinator density near plants (top panel) using automated imaging and classification methodologies may be combined with imagery on flowering phenology (middle panel) to predict visitation rates. Predicted visitation rates can be validated at individual flowers using digital cameras (bottom panel) [111] Conclusion There are burgeoning opportunities for ecologists interested in using remote sensing methods to improve our understanding of bee (and other pollinator) populations, floral resources, and the resultant effects on pollination service provision. The most important step towards applying new remote sensing technology to these studies is improved collaboration of experts from both fields. With cooperation at every step of the research process, from question formulation to analysis and interpretation of results, remote sensing approaches stand to improve our understanding of pollination service provisioning. Resultant maps will in turn allow for better interpretation at multiple scales to support improved pollination service management.
